We took a step forward on the basis ofexisting deduction, the formula ofnet gain coefficient ofamplification ofspontaneous emission (ASE) of Er-doped fiber (EDF) was given. Based on the data, which were provided by the reference, we calculated the net gain coefficients for different fiber length pumped at different pump power. Then theoretical curves were drawn. ASE spectra obtained experimentally were in excellent qualitative agreement with the ones obtained from theory. At last, the calculated optimal fiber lengths were given according to several common used wavelengths at the same pump power.
INTRODUCTION
The techniques of using rare-earth doped silicon to fabricate high efficient solid laser and amplifier have been widely used by now. And the fibers doped with definitive concentration of rare-earth ions have also been put into practice. Among these fibers, Er-doped fiber(EDF) is the most widely used one in fiber amplifier and fiber laser [1,2, because its transition is at A =1550nm, which corresponds to the low-loss transmission window of optical fiber communication, and also because its properties of high gains, wide bandwidth, low noise, high efficiency, low loss when jointing with standard fiber and it's insensitivity to polarization.
For EDF, after passing the active mediator, the transmission spectra may be in great difference with the fluorescence spectra of the dielectric when the absorption of the latter is serious. And then, ASE spectrum will be a better parameter to study fiber laser and amplifier. ASE spectrum is the combined result of amplification and absorption ofspontaneous emission ofEDF when being pumped. The property ofASE spectra can exhibit the wave pattern of gain spectra of Er-doped fiber amplifier (EDFA) and also can show the useful information of gain property of EDFA at different pump power and signal power. In this paper, the ASE spectrum is simulated theoretically and is tested in experiment. The study on ASE spectrum of EDF may give instruction to the research of fiber amplifier and laser theoretically.
THRORETICAL STUDY ON ASE SPECTRUM OF EDF
As we know that there are absorption peaks in the spectra of Er3 near 514.5nm, 532nm, 667nm, 800nm, 980nm and 1480nm. But in application, there are excited state absorptions at 514.5nm, 667nm and 800nm, which can reduce the pump efficiency and gain. So in this paper we mainly study the transition spectrum near 980nm absorption span. We can simplify the energy states of EI-in silica fiber pumped at 980nm to a three-level system31, they are /7 '3/2 41 respectively. in this way of simplifying the system is easier to study.
It is found that the rate equation is essential when optical amplification process of EDF is strictly described and the relationship of relevant parameters is confirmed. While the simulative calculation of ASE spectrum can be done through protracting the net gain curve ofEDF, which is the combined result of fluorescence and absorption spectra. So we can measure the two spectra by experiment and get their absorption and emission cross-sections by using the relations of FutchbacherLadenburg. Then we can get net gain curve by substituting the diameter of cross-sections and the data of experimental situation (concentration of EDF and parameter of fiber core etc) into the rate equation. It is found in Ref. [4] that the rate equation governing the evolution with longitudinal fiber coordinate z of the pump power P(z) and the ASE signal powers p5 (z, Ui) (corresponding to the ASE powers propagating in the same direction as the pump (+) or opposite to the pump (-)) write: where y is the absorption coefficient of the pump power, Ge and Ga are the emission and absorption coefficients of signal light respectively, P0 represents an equivalent input noise power. Ps± ( Ui) ( i = 1 , N ) , represents the ASE power contained in a frequency slot of arbitrary width AV , centered at frequency Vi. Equation (2) thus constitutes a set ofN differential equations whose solutions constitute the ASE power spectra.
Due to the complex expressions of y , Ge and Ga, we can make some simplification. Considering the simplified case of a uniform pump distribution with cylindrical symmetry:
where a is the fiber core radius. Likewise, we assume a step-like Er3 concentration profile, in which the fiber core ofradius a is uniformly doped: r a (4) 0 r>a
In addition, we suppose that the signal mode profile dependence is only radial, and we choose a Gaussian where (z.)s is the power spot size of the signal mode. In small signal region of ASE, the form of emission and absorption coefficients is very simple, so we can take a further approximation, and get the ultimate simplified expressions of y, Gand Ga: Pp =TcaI =ta-, 5pT =exp/2) , (7) The absorption coefficient v found in (6) corresponds to that of a pump signal propagating through an absorbing medium. The solution of P(z) depends on the regime (P(z)<< th or P(z)>> th as determined by the initial condition P(O). When P(z)>> the approximation is linear pump decay while when P(z)<< th it's a exponential pump decay51. Equation (6) and (7) show that the ASE gain and absorption coefficients are proportional to the signal mode/active core overlap factor 1
which is an important parameter for gain optimization.
The ASE spectrum is the combined result of fluorescence and absorption spectra, in order to simplify the calculation, we can express the net stimulated gain coefficient as:
The gain coefficient dependence on th aa (t) shows that a positive net gain G can exist as long as Pp pp(z) the population inversion is maintained along the fiber, which means th (t) >o. So for any given Pp input pump power greater than th an optimal fiber length exists for which there exists a positive net gain over the whole fiber length, when the fiber length L satisfies () Ua ()=o.
The net gain coefficient of EDF is the integration of equation (8) Based on this formula several typical wavelengths of 1550nm-transmission window were normalized and simulated. The achieved G values of EDF of Sm, which were pumped at different power, are shown in tableL (The data listed in table 1 were normalized, the curve drawn according to the data can show the pattern of ASE spectrum, and the absolutes value of the data are in some proportion to the practice ones). The results above can be gained only when using RLoudon assumption that When P(z)>2 Pp th the approximation is linear pump decay while when P(z)<2 it's a exponential pump decay [51• Figi shows that when the pump power is small (for example 10mW), the effect of absorption is larger than that of the gain, and the absorption of 1 530nm is larger than that ofthe longer wavelength, and it gets smallest at 1560nm, whose gain is larger than that of 1530nm. There emerges a peak at 1 532nm along with the increase of the pump power, but it is smaller than the peak at 1 560nm, and there is a vale at 1 536nm. The increasing rate of the peak at 1 532nm is much larger than that ofthe peaknear 1560nm.
We assume that the pump power is fixed at 55mW. Considering the property of fluorescence spectra of EDF for different length, the calculating result is listed in table2 and shown in Fig2 and Fig3 .From the figures we can find that the powers of ASE spectra for different fiber lengths are of great difference even under the same pump power and wavelength. Typically, the power increases with the lengthening of fiber length, and will gain maximum at a certain length (which is defined as the optimal fiber length of a certain pump power). Afterwards, the output power of ASE spectrum will decrease along with the increase of the fiber length. The reason of this phenomenon is that pump power reduces straightly with the increase of the fiber length. The gain caused by the pump power is exactly equal to the loss of EDF at the optimal fiber length. When the length is longer than the optimal one, absorption loss will be greater than the gain in the fiber, so the power of the ASE fluorescence spectrum begins to drop. Form tablel we can see that the absorption coefficient of 1532nm is the largest so accordingly its loss in Fig2 is also the largest. We can find form table2 that even for the same fiber pumped at the same power but different wavelength the optimal fiber length is not the same. While it is commonly considered as the same one, which is because ofusing the assumption of ae(vi) _ aa (Vi) =o, that is for any wavelength the absorption and emission cross-sections are ofthe same, when simplify the net gain coefficient.
But in fact the two cross-sections are ofgreat difference, as can be seen form tablel, for example at 1532nm the difference is 170%. In experiment, we tested ASE spectra of EDF for different pump power and fiber length. In fact, ASE spectra are related to the pump direction. Normally the direction of the output power of EDF, which is the same as the In experiment, we only studied the transition spectrum around 980nm absorption span. The experimental setup is direction ofthe pump power, is defined as equidirection, while the counter direction is defined as reverse direction.
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There are impalpable differences between these two pump methods, we didn't take them into account in We can find from table3 and FigS that for a certain fiber length, when the pump power is very weak, there are two ASE spectra peaks (near l53lnmand 1560nm). Obviously the peak of lS6Onm is higher. But with the enhancement of pump power the whole gain spectrum increases, the peak near 153 lnm increases faster than that of 1560nm, and the whole spectrum becomes saturate when the former peak is higher than the latter for 8-'10dB. Ifthe pump power keeps on increasing, there will emerge rags or even laser. But the laser is very unsteady and sometimes there will be mode competition at 153mm. All these experimental phenomena are in excellent agreement with the theoretically analysis in Figi . There is a forbidden band between the emission wavelength of 1532nm and 1560nm, ifthe inverse population is small, the gain wave pattern will achieve maximum at 1553nm, when satisf)ring the threshold situation. Otherwise, it will get maximum at 1532nm. The gain spectrum is similar to emission spectrum when the particle population is near wholly inverse .
3.2.2
The effect offiberlength on ASE spectrum
The ASE spectra for different fiber length pumped at a certain power are shown in Fig6. We only list the most typical pictures of the experiment, they are: 2.3m 8.6m lOm and ll.3m. The pump power was the largest output ofthe semiconductor laser: 32mW. The outputs at 1530nm and 1550nm were -34.18dB and -35.O5dBm respectively when the length of EDF was 2.3m. The output powers kept increasing as the raise of the fiber length and they reached -l8.87dBm and -29.84dBm at 1530nm and 1550nm respectively, where the 3dB bandwidth reached 22nm at 1550nm. Afterward, although the fiber length kept on lengthening, the power of ASE spectra began to fall. The output powers of lOm EDF were -43dBm and -55dBm
respectively at 1530nm and 1550mm Later, as the fiber length raised, the output powers went on falling. The profiles in Fig6 accord well with the theoretical curves, which show that for a certain pump power larger than the threshold, an optimal fiber length exists for which there exists a maximum output ofASE spectrum. In addition, the optimal fiber length is not the same for different pump power.
Typically, it is longer when the pump power is larger.
We also found in the experiment that when EDF was longer than a certain length (for example 12.5m or 30m), there was only one obvious peak near 1 560nm in the spectrum for any pump power of the existing semiconductor laser. While, the peak near 1 532nm was very low and almost invisible. During the whole experiment, no matter how the pump power changed, there were two peaks at best. When the fiber length was less than a certain value, the peak of ASE spectrum was near 1532nm. Otherwise it was near 1556nm, and it would move towards longer wavelength with the increase of the fiber length. For a certain fiber length, when the pump power was greater than a certain value, the peak at 153mm was higher. Otherwise, the peak of 1560nm was larger.
CONCLUSION
We took a step forward on the basis of existing deduction, the formula of net gain coefficient was given. Based on the data, which were provided by the reference, we calculated the net gain coefficients of different fiber lengths pumped at different power. Then theoretical curves were drawn, which prove theoretically that when the pump power is fixed, there exists an optimal fiber length for which there exists a positive net gain over the whole fiber length. ASE spectra obtained experimentally was in excellent qualitative agreement with the ones obtained from the theory. We also make deep analysis on the ASE spectrum ofEDF and have gotten lots of useftil results, which will provide basis for the study ofEDFA and fiber laser. 
